The basic structure of historic sites and their associated interior artefacts can be damaged or even destroyed by climate change. The evaluation of combined heat and moisture induced stress and strain (HMSS) can predict possible damage-related processes. In this paper, the development of one-and two-dimensional HMSS models of building materials and artefacts in COMSOL Multiphysics Version 4, a commercial finite element software, is presented. The validation of the numerical models is revealed using analytical, numerical and experimental solutions. As a result, the HMSS model was shown to be an adequate predictive tool to determine possible damage-related processes in building assemblies and artefacts.
Research aims
The aim of this paper is to present a two-dimensional numerical model that can be used to study coupled heat and moisture induced stresses and strains in materials and objects, which include artefacts that are exposed to varying hygrothermal loads in indoor and outdoor environments.
Introduction
Thermal and moisture durability of materials and items inside a building is one of the main research topics in building physics science. Numerical models and tools that have been developed for that purpose considerably help in understanding deterioration and degradation processes that take place in buildings. Advanced building physics tools, which are capable of combined thermal and mass (i.e. water, air, salt) analyses in porous media, are required for durability studies (Hagentoft 1998; Nicolai et al. 2007; Sevilgen and Kilic 2011; Woloszyn and Rode 2008) . However, the structural performance of a material is typically not included in the building physics tools even though hygrothermal loads have been shown to induce stresses and strains in porous media in (Mihoubi and Bellagi 2009; Kowalski and Smoczkiewicz-Wojciechowska 2007; Kowalkski and Rybicki 2004) . For instance, displacements, dimensional change or cracking are typical issues associated with wooden structural elements exposed to indoor and outdoor hygrothermal loads. These induced changes, in turn, modify the mechanical properties of the given media and as such alter its longterm behaviour. The implementation of a multidisciplinary approach can lead to a more comprehensive understanding, analysis and prevention of hygrothermal-induced problems in buildings (Burke 2009).
Numerical tools from the structural engineering research field, though offering advanced non-linear finite element analyses of the structural performance of a material, are often of limited applicability in building physics investigations. Structural tools typically provide options to prescribe constant, simplified or even uncoupled moisture and thermal (Mirianon et al. 2008) , an external script was required by a structural tool to incorporate varying humidity and structural loading as well as moisturedependent wood properties, while maintaining isothermal conditions. Other attempts to quantify hygrothermalinduced mechanical response of materials include similar mathematically or experimentally fitted models (Castellini et al. 2003; Dionisi Vici et al. 2006; Jakieła et al. 2008; Bratasza et al. 2012 Lukomski 2012 . This separate representation of hygrothermal response of a material is an insufficient presentation of thermal and moisture loads from the imposed environment. Despite current limitations, computational research has shown promising results and the development of numerical models has been deemed as valuable for predicting past and future behaviour of materials. For the purpose of in-depth analysis of durability of materials like wood, there is a large interest in models and tools that could be used for combined hygrothermal and structural analyses.
List of symbols
When studying a combined hygrothermal and structural performance of a material, both the magnitude and the historical pattern of the hygrothermal loads play a role. Noticeable deviations from normal working conditions should always be carefully treated as they may complicate the existing durability issues or may even enforce new ones. Large research efforts are currently focused on predicting the hygrothermal performance and durability of the building materials with respect to the possible climate changes. The Climate for Culture project within the European Union's 7th framework program attempts to face the challenges of climate change by establishing attainable environmental guidelines for museums while acknowledging the need for the preservation of cultural heritage. As of late, there has not only been a push to reduce energy consumption and carbon emissions, but also a concern regarding the preservation of natural resources and cultural heritage according to ICA (2010) . Therefore, it has become of interest to gain knowledge of the past and present conditions of artefacts in order to understand causes of previous damage, predict forthcoming damage, and also aid in developing preservation guidelines for artefacts. Numerical simulations are shown to be the only method which can yield the desired knowledge of the future performance of materials. This paper presents a study built upon the research by Williams Portal (2011) encompassing the development of one -and two-dimensional coupled heat and moisture induced stress and strain (HMSS) models in COMSOL software package (COMSOL 2010) . The verification of these models is executed in various stages by means of analytical, numerical and experimental solutions. It is worth mentioning that the availability of verification tools for coupled hygrothermal and structural numerical models such as HMSS is limited. Within conservatory, however, there are case studies which are relevant to this type of modeling and one in particular (Rachwał et al. 2010) , is used for the experimental validation of HMSS. The numerical simulation results for a case study consisting of an artefact's relation to a building assembly in a historic building are also included. In addition, the sensitivity of the model to additional moisture sources (i.e. rain) is evaluated. General conclusions and recommendations about the applicability of the HMSS models are presented.
